Introduction
Pitch angle distributions (PADS) of energetic electrons (E > 100 keV) present a way to use in situ particle data to investigate regions of a magnetosphere distant from the observer. The electrons travel very close to the speed of light and, if they have pitch angles sufficiently close to 0° or 180°, can travel the entire length of a field line, mirror, and return to the observer (almost) within the sampling interval. Such electrons are created by and respond quickly to field-aligned electric fields, which are associated with auroral acceleration and closed field lines. Pitch angle distributions can also conveniently organize magnetospheric phenomena and delineate boundaries, especially with respect to the aurora and plasmasphere.
One generally distinguishes four different types of pitch angle distributions. The first type of distribution peaks peak near 90°; this distribution has been variously called "trapping" or "pancake" or "frown." A second type of distribution has peaks near 0° and 180° and is referred to as "field-aligned," "dumbbell," "beam," "bidirectional," or "smile." Intermediate between the trapped and field-aligned distributions, a "butterfly" distribution has peaks close to 45° and 125°.
An isotropic distribution has no significant peaks and is called a "flat" distribution.
The analysis of pitch angle distributions of energetic electrons has a long history in the Earth's magnetosphere, where they are frequently linked to possible acceleration mechanisms.
Early surveys of energetic electrons consistently found pancake distributions inside 6-9 R E (1 R E = 6370 km), while butterfly or isotropic distributions appeared outside (e.g, West el al., 1973; Lyons and Williams, 1975) . The trapping distributions of the inner magnetosphere largely result from inward diffusion that preserves the first and second adiabatic invariants (e.g., Schulz and Lanzerotti, 1974) , while the butterfly distributions in the outer magnetosphere were explained 3 largely as effects of magnetic drift-shell splitting or the negative gradient in the radial flux, possibly in combination with wave-particle scattering and often during disturbed conditions (e.g., Roederer, 1970; Lyons and Williams, 1975; Sibeck et al., 1987; Horne et al., 2003) . Both unidirectional and bi-directional distributions of energetic electrons were commonly observed in the magnetotail and associated with acceleration events in the magnetotail plasma sheet as well as open/closed field topology (e.g., Stone, 1976, 1977) . However, surveys show that field-aligned electron fluxes occur only a few percent of the observing time and are concentrated in the midnight to dawn sectors of the plasma sheet (e.g., Hada et al., 1981; Klumpar, 1993; Sugiyama et al., 1997) . While some investigations suggested an auroral source for the fieldaligned distributions (e.g., Klumpar et al., 1988 Klumpar et al., , 1993 , the consensus had developed that such distributions arise either locally or remotely from Fermi-type acceleration (e.g., Hada et al., 1981; Smets et al., 1999; Shiokawa et al., 2003; Vogiatzis et al., 2006; Wu et al., 2006) . Fieldaligned electron fluxes have certainly been observed in the Earth's magnetosphere at low altitudes above the aurora and associated with particle acceleration in field-aligned potentials (e.g., Carlson et al., 1998; Marklund et al., 2001 ).
Both trapping and field-aligned distributions exist in Jupiter's magnetosphere (e.g., Williams et al., 1996) . A curious boundary between trapping distributions and dumbbell distributions persists between 10-17 R J (1 R J = 71,492 km) (Tomás et al., 2004a) . Inside this distance, trapping distributions persist, while field-aligned distributions appear outside. The boundary has been linked to the discrete secondary aurora that lie equatorward of Jupiter's main aurora (Tomás et al., 2004b) . The origin of the Jovian electron beams may be related to a mechanism similar to that which accelerates auroral electrons at Earth, although upward and downward beams must be mixed in a complex, structured region (Mauk and Saur, 2007) .
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The Cassini mission has provided comprehensive measurement of electron pitch angle distributions in Saturn's magnetosphere. Pitch angle distributions of lower energy electrons (E < 26 keV) have been surveyed using data from the Cassini Plasma Spectrometer (CAPS) (Young et al., 2004) . These electrons exhibited butterfly, pancake, and field-aligned distributions that were interpreted in terms of inward and outward plasma motion driven by the centrifugal interchange instability in combination with azimuthal gradient and curvature drift (Rymer et al., 2008) . A preliminary report on the pitch angle distributions of energetic electrons indicated that magnetospheric electron (bi-directional) beams connect to the expected locations of Saturn's aurora (Saur et al., 2006) . These energetic beams apparently carried enough energy to excite the Far-UV aurora observed at Saturn by the Hubble Space Telescope (Gérard et al., 2004) . The beams were interpreted as a universal feature of magnetospheres (i.e., Earth, Jupiter, Saturn) showing that anti-planetward (upward) acceleration "is an essential part of the overall auroral process" (Saur et al., 2006) . Ion conics and electron beams, both unidirectional and bidirectional, have been associated with auroral acceleration processes at Saturn in the same way that such beams have been associated with auroral current sheets at Earth (Mitchell et al., 2009 ).
The several case studies cited in this research have indicated the electron beams occur outside L ≈ 9. Covering 2004-2007, a preliminary survey of bi-directional beams of energetic electrons showed that they were widely observed throughout the magnetosphere from 4.6 R S to as far out as 68 R S and at latitudes as high as 45° (Krupp et al., 2009 ).
However, a comprehensive survey of energetic electron PADs at Saturn has yet to be presented. Because the Cassini mission has now accumulated a large number of pitch angle distributions throughout the magnetosphere, such a survey is the next step in characterizing the pitch angle distributions, at least through the end of the equinox mission in 2010. The current paper presents just such a survey, concentrating on the morphology of pitch angle distributions of mildly-relativistic electrons (110-365 keV).
Instrumentation
Energetic electrons at Saturn have been measured by the Low Energy Magnetospheric Measuring System (LEMMS), which is part of the Magnetospheric IMaging Instrument (MIMI) on the Cassini spacecraft (Krimigis et al., 2004) . LEMMS observes electrons through a forwardlooking telescope that records lower energy electrons (the "C" detector) and a backward-looking telescope that records higher energy electrons (the "E" detector), where forward and backward merely indicate directions relative to LEMMS. The C detector (18-830 keV) is subject to extraneous effects such as solar contamination, spacecraft "shadowing," and energetic particles. Both the C and E detectors are mounted on a turntable that was supposed to rotate (relative to the spacecraft) through 360° to allow full coverage of the pitch angles. However, this turntable stopped rotating in early 2005, so that complete pitch angle coverage could be obtained only during spacecraft maneuvers (e.g., Krupp et al., 2009) . Spacecraft rotations occur when data are downlinked to the Earth, so complete pitch angle coverage is more frequent than might be expected. This investigation relies exclusively on the data from 2005 through 2009 when the turntable was inoperative. Results from the previous period were discussed by Saur et al. (2006) . Pitch angles of the electron fluxes can be found from the angle between the (instantaneous) center of field of view and the magnetic field. The magnetic field data derive from the Cassini fluxgate magnetometer . The magnetometer furnishes vector measurements of the magnetic field for field strengths from ~1 nT to 40000 nT at a time resolution faster than that of LEMMS. The MIMI data processing center suitably averages (and interpolates) the magnetometer data to the suitable time resolution so it can be merged with the LEMMS particle data.
Data Processing
Once the particle and field data have been merged at the highest time resolution of a few seconds, they are averaged in time t and pitch angle . This averaging takes the form of a sliding Once the pitch angle distributions have been filtered, they are fitted to the standard function:
where  is the pitch angle, K is the power or exponent, and A is a constant. A standard least squares fit is performed, and the goodness of fit is quantified by a normalized standard deviation:
where  is the usual standard deviation of the fit (e.g., Bevington, 1969) , max(f) is the maximum of the observed pitch angle distribution, and min(f) is the minimum (any zeros in f are excluded from the fit as no data bins). The normalized uncertainy  N is constrained to be less than 0.2. outside that distance, most of the distributions are bi-directional (smiles) with peaks at 0° and 180°. This pattern is similar to that noted for Jupiter and Earth (Tomás et al., 2004a-b; West et al., 1973) . The survey map also indicates a paucity of flat distributions.
A cluster of pitch angle distributions were also measured near Titan (20 R S ). Most of these observations appear near 1100 hours local time and were made during Titan encounters.
The PADs at Titan are a mixture of both trapping and field-aligned distributions. Most of the trapping distributions seem to be concentrated nearest to the Moon within a few R S , while bidirectional distributions are seen farther away.
Radial and Local Time Profiles show a decrease of trapping distributions and an increase of bi-directional distributions between 8 and 12 R S . In fact, within ~8 R S , over 90% of the pitch angle distributions measured were of the trapping-type, while over 75% of the distributions outside ~12 R S were bi-directional.
Clearly, a distributional boundary exists in the vicinity of 10 R S in Saturn's magnetosphere, and it closely resembles that at Jupiter (Tomás et al., 2004a-b) .
A similar type of binning analysis can be carried out in local time. Figure 6 displays the results of binning the PAD types into 45° (3-hour) local time bins. The same type of fractional normalization was applied to these local time profiles as was applied to the radial profiles. The local time binning included only ranges between 10 and 20 R S . Ranges inside 10 R S were excluded because the inner PADs are essentially all pancakes. Ranges outside 20 R S were excluded because that is close to the nominal magnetopause of Saturn.
According to Figure 6 , the local time profiles of the PADs are not well-organized in local time, and no consistent pattern emerges. This disorganization may be a result of incomplete coverage in local time, since there is a gap in pitch angle coverage in the midnight-to-dawn sector (see Figure 4) . On the other hand, if all five years are considered (black line in Figure 6 ), then a crude pattern does emerge. Bi-directional distributions tend to occur in the midnight sector, while trapping distributions tend to occur elsewhere. This pattern is similar to that observed at Jupiter (e.g., Tomás et al., 2004a,b) .
Discussion
A clear boundary at ~10 R S exists in Saturn's magnetosphere between pancake and nonpancake pitch angle distributions. This situation is similar to that discovered at the Earth (West et al., 1973) and Jupiter (Tomás et al., 2004a-b) . Presumably, the same dynamics operate in all three magnetospheres to produce this boundary. As at Jupiter, this transitional boundary persists for time scales of (at least) several years. In the case of Saturn, this boundary is present at both equinox (in 2009) and at non-equinox (2005) . At Jupiter, the boundary is associated with a secondary belt of discrete aurora equatorward of the main auroral oval.
Where does this boundary map to Saturn's ionosphere? The Khurana field model was traced from the equator to the ionosphere using the same techniques used to map the pitch angle distributions. Figure 7 exhibits mapping from the magnetic equator at L = 8, 10, and 12 to the southern ionosphere assuming the ionosphere lies 1000 km above Saturn's nominal ellipsoidal surface (NASA, 2008) . The grid shows planetocentric co-latitude from the south pole. The poleward and equatorward boundaries of Saturn's southern aurora are shown for comparison (Badman et al., 2006) .
The PAD boundary clearly maps to latitudes equatorward of the aurora. This is apparently true for all local times, although the aurora locus has not yet been extended to the nightside of Saturn. The bi-directional or counter-streaming electrons exist from the boundary to latitudes of the aurora and to latitudes poleward of the aurora. The counter-streaming electrons suggest closed field lines: the energetic electrons traverse the length of the field line in seconds, mirror, and return to the observer. [A 200 keV electron travels at a speed of over 3 R S /s.]
Theoretical models, however, have suggested that the main Saturn aurora itself marks the boundary between open-closed field lines (Cowley et al., 2004 (Cowley et al., , 2005 .
The bi-directional beams may be related to field-aligned currents linking the ionosphere to the magnetosphere. According to one model of terrestrial aurora (Marklund et al., 2001 ), quasi-static electric fields appear above the aurora and accelerate electrons down and ions upwards, giving rise to ion conics. The current closes in the ionosphere through Pedersen currents perpendicular to the magnetic field, and then turns upwards at a different latitude where a second parallel field accelerates electrons upwards and ions downwards. It is this second quasi-static electric field that generates the bi-directional electron fluxes. The energy contained in the electron beams, if integrated across the energy spectrum, is apparently sufficient to generate Saturn's aurora (Saur et al., 2007) . The upward-travelling electrons, of course, do not themselves excite the aurora, and the downward travelling ions with which they associate can give rise only to the "black aurora." The persistence of bi-directional distributions in Saturn's outer magnetosphere tends to argue against a Fermi-type acceleration mechanism that operates sporadically in disturbed, localized regions of the plasma sheet, such as has been proposed at Earth (e.g., Baker et al., 1977; Shiokawa et al., 2003) . To improve statistics, the distributions have been averaged in 1 hour bins with a sliding average. 
